Purpose-Bone acquisition in childhood impacts adult bone mass, and can be influenced by childhood socioeconomic conditions. Socioeconomic status is also associated with body weight which affects the load that bone is exposed to in a fall. We hypothesized that socioeconomic advantage in childhood is associated with greater bone strength relative to load in adulthood.
Introduction
Low socioeconomic status (SES), which has strong, well-documented associations with a variety of adverse health outcomes, is also associated with increased risk for hip fracture in older ages [1, 2, 3, 4, 5, 6] . Hip fractures are a major cause of morbidity, physical disability, and even early mortality [6] , and its economic impact is projected to increase worldwide in the coming decades [7, 8] . It is therefore becoming increasingly important to delineate the mechanisms underlying the association between low SES and greater hip fracture risk, in order to allow the design and targeting of preventive interventions.
The major predictor of greater hip fracture risk is low bone mineral density (BMD) in the femoral neck; yet, studies have not found strong associations between low SES and low femoral neck BMD [9, 10, 11, 12, 13] . Of the various indicators of adult SES, education level more than income, occupation, or wealth, has shown consistent associations with BMD [14, 15, 16, 17, 18] . Because adult bone mass is a function of both acquisition in younger ages and decline in later life [19, 20] , and because educational attainment is generally completed by young adulthood, this suggests that social circumstances in the early years may be more relevant to bone health than circumstances in later life. In fact two recent studies have documented strong positive associations between childhood social advantage and adult BMD [18, 21] .
However, both childhood socioeconomic advantage and adult education are associated only with BMD in the lumbar spine and not with BMD in the femoral neck [14, 16, 18] , the more important determinant of hip fracture risk [22, 23, 24] . Femoral neck BMD, though important, is not the only driver of femoral neck bone strength, and thus of hip fracture risk. The size of the femoral neck size also contributes to its structural strength [24, 25, 26] (just as the strength of engineering structures depend on both material density and structure size), while body size determines the fracture forces that the hip is exposed to in a fall [27] . It is not enough for BMD to be high to reduce fracture risk; the composite of BMD and bone size must be adequately high relative to fracture forces to keep the risk of fracture low. Thus, composite indices [28] that integrate femoral neck BMD, femoral neck size, and body size, to quantify the strength of the femoral neck relative to load [29, 30, 31, 32, 33] , are inversely associated with incident hip fracture risk [28, 34, 35] . Unlike BMD, which fails to correctly stratify fracture risk across ethnic groups [36, 37, 38, 39] , femoral neck composite strength indices do correctly stratify risk across ethnic groups [40] , and predict fracture risk in a middle-aged woman without requiring knowledge of her race/ethnicity [41] . Furthermore, unlike BMD which is higher in diabetes [42] and thus inconsistent with the increased hip fracture risk in diabetes [43] , femoral neck composite strength indices are indeed lower in diabetics than in non-diabetics [44] . Thus, the femoral neck composite strength indices might be better measures of the individual's ability to resist hip fracture than is femoral neck BMD.
We postulate that the increased hip fracture risk in low SES groups is, at least partly, the result of inadequate bone acquisition in the femoral neck in childhood, and hypothesize that even if socioeconomic disadvantage in childhood is not associated with lower femoral neck BMD in adulthood, it will be associated with smaller indices of adult femoral neck strength relative to load. We used data from a national study to test this hypothesis.
Methods
The Study of Midlife in the United States (MIDUS), initiated in 1995, was designed to determine how social, psychological, and behavioral factors over the life course interact to influence health. The first wave of MIDUS collected demographic and psychosocial data on a national sample of English-speaking, non-institutionalized adults between 25 and 75 years of age residing in the coterminous United States whose household included at least one telephone (recruited by random digit dialing), and oversampled twin pairs and siblings [45] . In the second wave of data collection, 9-10 years later (MIDUS II), the sample was refreshed with African American residents recruited from Milwaukee, WI, specifically to increase the representation of urban African Americans. Details of sampling and recruitment are available online at http://www.icpsr.umich.edu/icpsrweb/NACDA/.
Of the 3191 MIDUS II participants deemed medically able to travel, 1255 participated between July 2004 and May 2009 in the MIDUS II Biomarker project, which required a 2-day commitment, including travel to one of the three clinical research centers (University of California at Los Angeles, Georgetown University, and University of Wisconsin). Reasons given for nonparticipation were travel, family, and work obligations. MIDUS II Biomarker Project participants were similar to the MIDUS II sample with respect to key characteristics (e.g., subjective health, chronic conditions, physical activity, alcohol use) [46] , and the complete MIDUS II sample was similar to the MIDUS I sample [47] . As part of the Biomarker Project, BMD was measured in the lumbar spine and the left femoral neck using dual-energy x-ray absorptiometry (DXA). Funding for DXA scanning at two of the three sites (UCLA and Georgetown) was obtained after the Biomarker Project had commenced; thus, DXA scans were not available for every participant at these sites. Informed consent was provided by each participant, and each MIDUS center obtained institutional review board approval [46] .
Of the 1255 participants in the MIDUS II Biomarker Project, we excluded data from 348 participants who did not have measureable DXA scans (and thus, femoral neck strength measurement), an additional 94 participants who reported the use of medications known to influence BMD (i.e., oral corticosteroids, alendronate, anastrozole, calcitonin, ibandronate, leuprolide, letrozole, raloxifene, risedronate, tamoxifen, zoledronic acid, testosterone, finasteride, dutasteride), another 88 women whose menopause transition stage could not be determined, and 3 participants for whom we lacked complete childhood SES information. Thus, the analytic sample for this study was comprised of 722 participants, 349 men and 373 women. An additional 10 participants were missing adult SES information and were excluded in analyses that included controls for adult SES.
Femoral Neck Strength Measurement
As part of the MIDUS Biomarker Project, DXA scans were performed with standardized protocols, using GE Healthcare Lunar Prodigy (U. Wisconsin -Madison) or Hologic 4500 (UCLA and Georgetown U.) machines, by technologists certified by the International Society for Clinical Densitometry. Three times per week, and on all days on which scans were obtained, instruments were calibrated. No densitometer shift or drift occurred during the course of this study. Adjudication of all DXA scans occurred centrally at the University of Wisconsin DXA center, using software provided by the manufacturers (Lunar, Inc., and Hologic, Inc.), and included measurement of the 2D projected areal BMD in the femoral neck, the femoral neck axis length (FNAL) -the distance on the 2D projected plane along the femoral neck axis from the lateral margin of the base of the greater trochanter to the apex of the femoral head, and the femoral neck width (FNW) -the smallest thickness of the femoral neck on the 2D projected plane along a line perpendicular to the femoral neck axis (Fig.1) . Composite indices of femoral neck strength, that index bone strength relative to the load during a fall, were calculated from these DXA-based measurements and body height and weight, using the following formulas [28] , which have been validated against 3D methods based on quantitative computed tomography [48] .
CSI reflects the ability of the femoral neck to withstand axial compressive loading, BSI reflects its ability to withstand bending, and ISI its ability to absorb the energy of impact in a fall from standing height.
Childhood socioeconomic advantage assessment
In the first MIDUS data collection wave, participants were asked to recall three aspects of their socioeconomic environment during childhood: 1) educational level attained by father (or other male head of household who raised you for most of the time before you turned 17) and mother (or other female head of household who raised you for most of the time before you turned 17), 2) whether they had ever been on welfare for a period of six months or more during childhood and adolescence (yes or no), and 3) subjective assessment of financial status relative to others when you were growing up (response choices: worse off, same as, or better) We created a childhood socioeconomic advantage score (possible range, 0-6) by summing the three components: being on welfare (0: yes, 2: no), financial status relative to others (0: worse off, 1: same, 2: better), and highest parental education (0: < high school, 1: high school/general educational development [GED] certificate, 2: some college or more). Scores were only calculated for participants who supplied data for least 2 of the 3 components; the missing component was imputed as the rounded mean of the other two for 49 participants. Among twins and siblings in the MIDUS cohort, the intra-class correlation coefficient for childhood advantage score was 0.84, indicating a high degree of reliability in the recalled information about childhood socioeconomic status. This childhood advantage score has also been demonstrated to have inverse associations with physiological dysregulation in adulthood [49] .
Other Measurements
Participants provided information on demographics and income during both MIDUS I and II. Race/ethnicity was self-identified as white, African American, other, or multiracial. For this analyses, we classified race as white vs. non-white; the latter group was mostly African American, but included a small number (n = 33) that were multi-racial or reported another race. During their visit to the clinical research centers (when the DXA scans were obtained), participants provided information on health behaviors, medication use (including sex steroid hormones), and menstrual bleeding patterns. Medication information was verified by examination of medication bottles brought to the clinical research center. We classified each woman participant's menopausal transition stage as premenopausal if there had been no change in regularity of menses, early perimenopausal if there had been a change in regularity but at least one menses in the previous 3 months, late perimenopausal if the last menses had been more than 3 months prior but less than a year prior, or postmenopausal if there had been no menses for at least a year. We further classified the post-menopausal women by use of sex steroid hormones. Because very few (n=6) women were late perimenopausal, we combined them with the post-menopausal not using hormones group.
Men participants were categorized into three age groups: younger than 50 years, 50-59 years, and 60 years or older. The choice of age categories in men was guided by previous observations that notable age-related bone loss in men does not start until age 50 [50] , and to age-match the oldest group to the post-menopausal women, because by age 60, more than 99% of women have completed the menopause transition [51] . In addition to these categories, age was also included as a continuous variable (in whole years) in analyses to control for bone strength declines with aging in men 60 years or older and in lateperimenopausal and postmenopausal women not using hormones. The participant's educational level was collapsed to a 3-category variable: no college vs. some college or Associate's degree vs. Bachelor's degree or more. We calculated a current adult financial advantage score (possible range 0-8) by summing 4 ordinal components: income (scored 0 if family income <3 times the poverty threshold specific to family size and composition, scored 1 if family income to poverty threshold ratio ≥3 but <6, scored 2 if the income-poverty ratio ≥6, reflecting tertiles of the income-poverty ratio distribution), selfrated current financial situation (0: worst, 1: average, 2: best), whether they had enough money to meet current needs (0: not enough, 1: just enough, 2: more than enough), and degree of difficulty paying bills (0: very, 1: not very, 2: not at all). Scores were only calculated for participants who supplied data regarding at least 3 of the 4 components; the missing component was imputed as the rounded mean of the other three components for 20 participants. Details of the construction of this financial advantage variable have been presented elsewhere [18, 49] .
At the time of BMD measurement, body weight and height were measured using standardized protocols, and questionnaires assessed current smoking status, total pack years of cigarette smoking, heavy alcohol consumption (>7 drinks per week or >3 drinks per occasion regularly for women, >14 drinks per week or >4 drinks per occasion regularly for men [52] ) either in the past month or in the period in their lives when they consumed the most alcohol, and levels of physical activity in three different life stages: high school years (number of years of participation between ages 14 and 18 in competitive sports and in recreational sports), young adulthood between ages 20 and 35 years (number of years of regular physical activity for at least 20 minutes at a time, at least 3 times per week, in each of 3 self-categorized intensity levels: light, moderate, and vigorous), and current (average number of minutes per week currently spent doing light, moderate, and vigorous exercise). For both young adulthood and current physical activity, we created summary scores as weighted sums of reported durations of light (weight of 1), moderate (weight of 2), and vigorous (weight of 3) activity. Weights were chosen to reflect relative expenditure of energy in each category [53] . Self-reported physical activity life histories have been previously validated [54, 55] .
Statistical Analysis
We used linear mixed effects regression to examine the association of each of the femoral neck composite strength indices with the childhood socioeconomic advantage score (as a continuous predictor) adjusted for covariates, and included a random intercept at the family level to account for within-family correlations between siblings and twins in the sample. Analyses were stratified by race (white vs. non-white) and gender, because of the well-documented differences in the health implications of socioeconomic stressors by both gender and race [56, 57, 58, 59 ].
Covariates were introduced in a stepwise fashion, based on biological plausibility and the extant literature on determinants of BMD. The base models controlled only for study site and age in men, and study site, age, and menopause transition stage (pre-menopause, early perimenopause, late perimenopause or post menopause not taking menopausal hormones, post menopause taking hormones) in women. Age was operationalized as a continuous variable in the oldest groups (men 60 years and older, and late perimenopausal and post menopausal women not taking hormones). To capture age/cohort differences in younger men, a 3-category age variable (<50 years, 50-59 years, and >= 60 years) was also included. In younger women, age was highly collinear with menopause transition stage, and was therefore not included separately.
To examine if the associations with childhood socioeconomic advantage were independent of adult socioeconomic status, we next added controls for adult education and current financial advantage. Because obesity is associated with both BMD and fracture risk, we next added body mass index (BMI) as a continuous covariate to the models. Finally we introduced health behaviors, specifically current smoking status, total pack years of smoking, heavy alcohol consumption (yes/no), physical activity between the ages of 14 and 18 years (number of years in competitive sports and number of years in recreational sports), a summary score for regular physical activity in young adulthood, and a current physical activity summary score, to examine whether health behaviors over the life course are at least partly responsible for the associations of socioeconomic advantage with femoral neck strength.
All statistical tests were 2-sided. SAS version 9.2 (SAS Institute Inc., Cary, North Carolina, U.S.A.) was used for all analyses.
Results
The study sample was similar to the complete MIDUS II Biomarker Project sample with respect to age, BMI, childhood socioeconomic advantage, educational attainment, current financial advantage, pack years of smoking, and physical activity in high school years and young adulthood ( Table 1 ). The most common reasons for exclusion of Biomarker Project participants from the study sample were missing hip DXA scans (from two study sites where funding for the scans was delayed till after the Biomarker Project had started) and unclassifiable menopause transition stage in women. Therefore, compared to the Biomarker sample, the study sample had a smaller proportion of women and a larger proportion of African Americans (since the new urban African American participants from Milwaukee were seen in Madison, WI, the one site which did not have to wait to obtain funds to collect DXA scans).
The average age of study participants was 56.8 years; 38% of men were 60 years or older, and 59% of women were either late peri-menopausal or post-menopausal and not taking sex steroid hormone therapy. Forty one percent of the participants were college graduates or better educated. The average childhood socioeconomic advantage score in the sample was 4.0; median score 4.0, standard deviation (SD) 1.5; inter-quartile range 3-5, 10 th percentile 2, and 90 th percentile 6. A substantial proportion of the sample experienced socioeconomic disadvantage in childhood: 11% had been on welfare, 26% reported being worse off financially relative to others, and 23% had parents with less than high school education. The higher end of the socioeconomic spectrum was also well represented: 32% reported being better off financially relative to others in childhood, and 40% had at least one parent with some college-level education. Childhood socioeconomic advantage was weakly correlated with the participant's own adult education level (treated as a 3-level ordinal variable) and current financial advantage (Spearman r=0.35 and 0.19, respectively).
In stratified analyses, adjusted for age, study site, and menopause transition stage in women, childhood socioeconomic advantage was positively associated with all three composite indices of femoral neck strength in white men but not in the other three race/gender groups ( Table 2) . For every SD increment of childhood advantage score in white men, femoral neck strength indices increased by 0.18 SD to 0.26 SD (p values 0.0009 to 0.04). This translates to 0.48 SD higher compression strength index (95% confidence interval 0.17 SD, 0.79 SD) and 0.69 SD higher bending strength index (95% confidence interval 0.38 SD, 1.00 SD) at the 90 th compared to the 10 th percentile of childhood advantage score. These associations in white men were unchanged with adjustment for indicators of adult socioeconomic status: educational attainment and current financial advantage ( Table 2 ). Additional adjustment for BMI attenuated the associations by 30-45%, but they remained statistically significant ( Table 2 ). Further adjustment for health behaviors over the life course (smoking, heavy alcohol consumption, and physical activity) diminished the associations further, so that associations of childhood socioeconomic advantage with femoral neck compression strength and impact strength were no longer statistically significant, although childhood socioeconomic advantage continued to be associated positively with femoral neck bending strength in white men (Table 2) : Each SD increment in childhood advantage score in white men was associated with 0.16 SD increment in the bending strength index (p=0.04).
Discussion
As hypothesized, socioeconomic advantage in childhood was associated with higher values of femoral neck composite strength indices in white men, pointing to an influential role for childhood social circumstances in bone acquisition in this group. The association was attenuated and became statistically non-significant for two of the three strength indices when analyses were controlled for differences in health behaviors. Childhood socioeconomic advantage was not associated with femoral neck strength indices in non-whites and in women, even before controlling for health behaviors. Previous studies have found associations between childhood social circumstances and BMD in the lumbar spine [18] , but to our knowledge, this is the first study to demonstrate such an association with femoral neck strength, which is more relevant to hip fracture risk. In older, community-dwelling women, each SD increment in femoral neck strength indices is associated with 57-66% relative reduction in hip fracture risk over 10 years [28] . If the strength indices had comparable fracture risk associations in older white men, we would expect that hip fracture risk would be 36% lower in white men at the 90 th percentile of childhood advantage score compared to those at the 10 th percentile of childhood advantage score.
Several mechanisms have been postulated to explain associations of childhood SES with adult health, including SES differences in nutrition, neighborhood environment, and parents' lifestyle choices (such as smoking which would expose young children to second hand smoke) during the critical growing years [60] . Another major, potential mechanism by which socioeconomic disadvantage could affect bone strength in adulthood is via the effect of early life stresses on adult physiology, including the hypothalamic-pituitary-adrenal axis, the sympathetic nervous system, glucose regulation, and chronic inflammation [61, 62, 63] , all of which have been linked to poor bone health [64, 65, 66] . In addition, low SES is also associated with increased body weight, which can positively influence bone mass by increasing loading [67] . These opposing influences on bone mass might explain why we and others have not found associations between low SES and low femoral neck BMD [14, 16, 18] . This study shows that when bone strength is assessed relative to load, socioeconomic disadvantage in childhood is indeed associated with less femoral neck strength in white men.
Our inability to observe an SES association with femoral neck strength in non-whites is consistent with the literature on race/ethnicity differences in SES effects on health. For instance, SES associations with cardiovascular health are generally larger in whites than in minority race/ethnicity groups in the US [68, 69, 70] , partly because high SES does not necessarily translate to less life stresses in minority groups [71, 72, 73, 74] . We were also hampered by the smaller sizes of the non-white strata. Our inability to observe childhood SES associations with adult femoral neck strength in women was more surprising, since low adult SES is strongly associated with increased risk of hip fractures in older women. However, in our study, childhood socioeconomic advantage was not strongly correlated with measures of adult SES, and only the latter may be associated with hip fracture risk in older women. It may also be that the childhood SES measure we used does not adequately reflect the social stressors experienced by impoverished girls and young women. A third possibility is that childhood SES effects on femoral neck strength in women are masked by much larger changes in bone strength during the menarche [75] and the menopause transition [76] .
The association of childhood socioeconomic advantage with greater femoral neck strength in white men was significantly attenuated by controls for BMI. Increased body weight affects bone mass by stimulating osteoblasts [77] , and it also affects the load on bone in a fall; thus differences in adult BMI are likely to represent a major pathway by which childhood SES affects adult bone strength relative to load. The childhood SES association with femoral neck strength relative to load was further attenuated by controls for health behaviors over the life course, suggesting that differences in health behaviors by childhood SES might be responsible for the majority of the childhood SES effects on adult bone strength, and that even if childhood socioeconomic disadvantage adversely affects bone health, its effects can be undone by healthy lifestyle choices. In fact, several studies have demonstrated the protective effects of physical activity over the life course on adult bone health [78] , and the especially important role of physical activity in the growing years [79] and of competitive sports in early life in Swedish men [80] . There is similarly increasing evidence of the deleterious effects of smoking on bone health in general [81] , and especially that of smoking in the teenage and young adult years on peak bone mass in European men [82, 83] . Not all of the childhood SES association with adult bone strength in the femoral neck was explained by health behaviors in this study, suggesting that other mechanisms such as food choices and nutrition adequacy may also play a mechanistic role.
Our study has a few limitations, the most important one being its observational design, which cannot be used to establish a causal pathway between childhood SES and hip strength. We cannot for instance rule out the possibility that the associations seen here reflect only the benefits of healthy lifestyle choices in preventing declines in bone mass in adulthood, and not the effects of childhood social circumstances on bone acquisition in the growing years. Secondly, we did not adjust for multiple testing because this is the first examination of childhood SES associations with indices of femoral neck strength relative to load. Further confirmatory studies are needed before clinical recommendations for risk stratification can be made. Thirdly, childhood SES was ascertained from recalled self-report and is therefore susceptible to bias. However, among twins and siblings, there is excellent agreement in recalled childhood social class and parental education [84, 85] . Among MIDUS twin and siblings participants, the intra-class correlation coefficient for the childhood socioeconomic advantage score was 0.84, indicating a high degree of reliability. The intraclass correlation coefficient changed little when we dropped non-twin siblings from the sample and when we examined parental education separately. Finally, the smaller number of non-whites (relative to whites) in the sample may have limited our power to find small effects in non-white men and women; and the small strata sizes meant we could not tease apart independent influences of the components of the childhood SES index.
Our study also has several strengths, including the national study sample with good representation of low-income urban residents, comprehensive assessment of childhood socioeconomic standing based on both subjective and objective information, the collection of health behavior data over the life course, and the examination of hip strength relative to load, which is more relevant to hip fractures than BMD on its own.
In conclusion, this study found that, independent of adult SES, socioeconomic advantage in childhood is associated with higher femoral neck strength relative to load in white men. Previous studies have found that childhood socioeconomic advantage is associated positively with bone density in the lumbar spine in both men and women. Taken together this suggests that socioeconomic factors in childhood influence the acquisition of bone mass during the growing years, and that healthy lifestyle choices should be strongly encouraged from a young age. Targeting this counseling to children in disadvantaged socioeconomic environments may be a potentially untapped way to decrease the hip fracture burden worldwide.
Highlights
• White men in the US who report greater socioeconomic advantage in childhood have greater hip bone strength.
• Socioeconomic factors in childhood appear to influence bone acquisition in boys from the majority race/ethnicity group • Healthy lifestyle choices over the lifecourse appear to reduce the hip strength deficit associated with childhood socioeconomic disadvantage.
• Childhood socioeconomic position was not associated with hip strength in nonwhites and in women. Geometry of the Femoral Neck: AB is the femoral neck axis length and DE is the femoral neck width. 
